(representative of type II) and M tuberculosis were aligned using the Clustal X 1.81 programme. Gaps in the sequences were introduced for optimum alignment. Asterix and dots are used to denote identical and similar amino acids, respectively. Conserved motifs present in mPDF are underlined. Amino acids deleted for creating ID and TD mutants are indicated in bold.
Available literature indicated that extended carboxy-terminal end was the characteristic of gram-negative bacteria (Baldwin et al., 2002; Guilloteau et al., 2002; Kreush et al.; 2003) . However, sequence analysis of mPDF showed the presence of such extended carboxy-terminal end (residues 182-197; TR region in Fig. 4.1) , which was atypical for the gram-positive bacteria. This region, when analyzed in sequence based secondary structure prediction program (Kaur and Raghava, 2003) , indicated to form a helix (Fig 4.2) . Besides this, like other gram-positive bacteria (type II class), mPDF possessed insertions (amino acid residues 74-85; IR in Fig. 4.1) , between conserved motifs I and II, which is predicted to form a loop (Fig 4.2) .
Mutational analysis of the conserved regions of mPDF
The cysteine in motif II and histidines in motifiii in other bacterial PDFs were known to be involved in metal ion coordination and thus, essential for enzyme activity (Meinnel and Blanquet, 1995a; Meinnel et al., 1997; Li et al., 2002b) . On the other hand, glutamate residue in motif III, although not directly involved in metal ion coordination, it has been reported to be positioned near the metal bound water and played role in the catalytic removal of N-terminus formyl group from the substrate (Chan et al., 1997; Rajagopalan et al., 2000) .
To determine the role of amino acid residues present in the conserved motifs, mutational analysis ofmPDF was carried out. For this, various point mutants (C106S, H148A, H152A, and E149D) were created and assessed for their deformylation abilities. To generate the mutant, two sets of primary and one set of secondary PCR reactions were carried·out by overlap extension method (Ho et al., 1989) as illustrated in Chapter II, Section. 2.1.11 ). Primary reactions for each mutation were carried out with specific pair of primers as mentioned in Chapter II ( carried out to predict the secondary structure of mPDF using alphapred server fhttp://www.imtech.res.in/cgibin/alphapred). SS indicated prediction of secondary structure.
Notation used: E, the ~-strand; C, random coil; and H, the a-helix. ID and TD region of mPDF are shown in bold.
Chapter 4 tuberculosis genomic DNA (Chapter III, Section 3.1.1) except the ·annealing temperature was raised to 60°C for achieving the specific PCR amplified fragment.
The PCR amplified products containing desired mutations were digested with unique Sacii!Hindiii enzymes and cloned in the corresponding sites of pET-PDF (Fig 4. 3).
Automated DNA sequencing (Chapter II, Section 2.2.12) confirmed the desired mutations in different constructs. Following, transformation all mutant proteins were overexpressed in E. coli strain BL-21(DE3) and purified as described earlier (Chapter III, Section 3.1.3-3.1.4).
Further, to assess the deformylation ability, mPDF mutant proteins (C106S, H148A, H152A and E149D) were incubated with 5 mM N-formyl-Met-Ala in TNBSA assay. Unlike wildtype, incubation with two different concentrations of protein (70 ng or 7 JJg), all these mutants hardly displayed any deformylase activity ( Fig. 4.4 ). To rule out the possibility that the effect is not specific to substituted amino acids, other mutants (C106A, C106D, C106H, H148Q, H152Q, and E149Q)
were also generated. However, irrespective of substitution, mPDF mutants did not display any enzyme activity. Thus, similar to other bacteria, mutational studies emphasized the importance of cysteine, histidine and glutamate residues in the conserved regions ofmPDF in exhibiting its deformylation ability.
Assessment of deformylase activity of mPDF deletion mutants
Although the available literature indicated that extended C-terminal end is the characteristic of type I PDFs (Baldwin et al., 2002; Guilloteau et al., 2002; Kreush et al., 2003) , interestingly mPDF being a member of type II family possessed the similar feature. The C-terminal end (amino acid residues 182-197) of mPDF was very striking compared to the sequences of type II members (TR in Fig. 4 .1 ). Moreover, typical to other gram-positive bacteria (type II class), mPDF also possessed insertions (amino acid residues 74-85; IR), between conserved motifs I and II ( Fig. 4.1 ). Hl52A and E149D) were created using PCR based mutagenesis method. Following expression, mutant protein was purified. Enzyme activities of wild type (WT) and mutants (C 1 06S, H 148A, H 152A and E 1490) were monitored with indicated amounts of protein in the presence of catalase and BSA by using N-formyi-Met-Ala (5 mM) as the substrate in TNBSA assay. Results (Mean± SD from three independent experiments) were expressed as percentage of enzyme activity obtained with indicated concentrations (70 ng or 7 11g) of wildtype protein.
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To monitor the role of these regions towards enzymatic activity of the mPDF, two deletions mutants were created, one at the insertion sequences (designated as ID where six amino acids "MT ARRR" were deleted) and other at the C-terminal end (named as TD where sixteen amino acids "PGLSWLPGEDPDPFGH" were removed), employing PCR based mutagenesis approach (Ho et al. , 1989 ; see Table 2 .3 for primer sequences). PCR products containing desired deletions were digested with restriction enzymes SaciiiHindiii and subsequently incorporated at the corresponding sites of pET-PDF (Fig 4.3) . The mutations were confirmed by automated DNA sequencing and transformed in E. coli strain BL21(DE3). Like mPDF, both ID and TD were obtained as inclusion bodies when overexpressed as histidine-tagged fusion proteins. The mutant proteins (both ID and TD) were solubilized with 3 M urea, refolded, and purified using Ni-NTA columns, as described for mPDF (Chapter III, Number denotes the size of molecular weight marker in kilodaltons .
proteins" (0.032 -20 ~J.g). Among them, the use of 20 ~J.g of "co-folded" protein displayed marginal deformylation ability (for ID+TD: 11± 6% and for TD+ID: 25 ± 4%) compared to the wildtype (= 1 00%), suggesting the abilities of both the mutants in partially complementing enzyme activity ( Fig. 4.6B ). Further to confirm this aspect, mutants were mixed with wildtype (WT:ID/TD:: 1: 4; named as WT+ID and WT+TD) and used to assess the enzymatic activity. Interestingly, both WT+ID and WT+TD displayed the ability to deformylate N-formyl-Met-Aia more efficiently than the corresponding amount of wi1dtype in the mixture (Fig. 4.6C ). To highlight the authenticity of such an observation, similar experiments were carried out using C 1 06S mutant of mPDF (mutation at the metal ion coordinating Cys at motif II of mPDF), which did not exhibit any deformylase activity (Fig 4.4) . Unlike WT+ID and WT+TD, the C106S mutant when mixed with wildtype (WT: CI06S::1: 4; named as WT +C 1 06S) showed enzyme activity at the level corresponding to the amount of wildtype protein present in the mixture (Fig. 4.6D) . Moreover, as shown in Fig. 4 .5, the extent of deformylation with 800 ng of total protein (amount of wildtype and TD/ID proteins were 160 ng and 640 ng respectively) was increased by 58-75% compared to the wildtype control (160 ng protein). On the other hand, such increase in enzyme activity was not evident with WT+C106S mixture (Fig. 4.7) . Therefore, the obvious explanation of such an observation was the contribution of either ID or TD towards enzymatic activity of wildtype mPDF. Interestingly, following mixing with wildtype (WT +ID/WT + TD; amount of total protein used per assay was 70 ng), both the mutants lost their deformylation ability within 2h ( Fig. 4.8) . Even the use of increased amount of total protein (350 ng where amount of WT protein was 70 ng) in the assay yielded similar results ( Fig. 4.8 inset showing a representative experiment).
Therefore, all these lines of evidence argued that the loss in enzyme activity in ID or TD mutant was the result of enzymatic instability of the protein. 
Assessment of intermolecular association status of mPDF
The activity as well as stability of an enzyme has often been shown to depend on its intermolecular association status. PDF from E. coli has been reported to be active as a monomer while that of the Leptospira interrogans as a dimer (Rajagopalan et al., 1997; Li et al., 2002) . To gain insight on this aspect, the molecular mass of the purified recombinant mPDF and its deletion mutants (ID and TD) was determined through dynamic light scattering and gel filtration studies. 
Dynamic light scattering
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Since the calculated molecular mass of the protein was 22.6 kDa (although by SDS-PAGE analysis, the expressed protein exhibited an anomalous migration of ~31 kDa Fig 3.5) , the results obtained by dynamic light scattering studies, therefore argued the multimeric nature of the catalytically active mPDF. Interestingly, in the ID mutant these parameters remained unaltered. On the other hand, considering the deletion of sixteen amino acids from mPDF, in the TD mutant both radius and molecular mass of the protein was less than those of the wild type, but the multimeric nature was evident (Table 4 .1).
Gel filtration studies ofmPDF
In gel filtration chromatography (AKTA prime plus' chromatography system using Sephacryl 200 column, GE Biosciences, USA) loading of mPDF exhibited two peaks, one at the void volume and the other at ~44 kDa (Fig 4.8A) compared to soluble aggregate and multimer forms observed in dynamic light scattering studies (Table 4 .1 ). As expected, although both low and high molecular weight fractions in SDS-PAGE showed a molecular mass of ~30 kDa and identified by anti-his antibody in Western blotting (inset Fig 4.9A) , only ~44 kDa protein had the deformylation ability (Kcat!Km of ~1084 M-1 .sec-1 as opposed to ~1220 M-1 .sec-1 , achieved for Ni-NTA purified mPDF as mentioned in Chapter III, Section. 3.3). Furthermore, mixing of these fractions (high and low molecular masses) did not have any significant effect on the enzyme activity ofmPDF (Fig 4.9B) .
·Identification of region of mPDF involved in exhibiting resistance to oxidative agent
In the previous chapter, results showed that pre-incubation of mPDF with oxidizing agent, like H 2 0 2 , had no significant effect on its deformylating ability (Fig   3 .17) , despite the presence of Fe +Z at its metal binding core. This observation was significant considering the fact that M tuberculosis as a successful pathogen had to cope up with oxidative stress for its survival within the host. 
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Further, to know the contributions ofiR or TR (Fig. 4.1) of the mPDF towards its resistance to oxidizing agent, WT+ID and WT+TD proteins (total protein = 70 ng/reaction) were utilized to monitor the effect of H 2 0 2 on the enzyme activity. As shown in Fig. 4.10 , pre-incubation with H 2 0 2 for 15 min exhibited significant decrease in the deformylase activity of WT +ID compared to that of the wildtype or WT+TD. These, results therefore, indicated the contribution ofiR region, specifically "MTARRR" sequences, in protecting Fe +Z of the metal binding core of mPDF from +3 oxidation to Fe form.
DISCUSSION
Irrespective of the difference in the behavior between homologues, the sequence of any given protein is derived from the same 20 essential amino acids.
Therefore, in the post-genomic era sequence analysis formed the theoretical basis to gain insights into the functionality of a protein. As evident from earlier reports, cysteine present in EGCLS motif (motif II) and histidines of QHEXXH motif (motif III) along with one water molecule were involved in tetrahedral coordination of metal ion in the catalytic core (Meinnel eta/., 1997) . Moreover, the proposed role for the glutamate residue present in motif III has been reported to protonate amide group of the substrate making it a better leaving group as well as formation of metal hydroxide, that could be a better nucleophile. The combined effect of having a good nucleophile oxygen to attack on the carbonyl of the formyl group (involved in formation of peptide bond with amino terminus of initiator methionine) and a good nitrogenleaving group of methionine present at N-terminus resulted in the facile formamide bond cleavage (Chan et a/1997; Becker et al., 1998a and b; Rajagopalan et al., 2000) .
Results showed that irrespective of substitution, mPDF mutants (Cl06S, Cl06A, C106D, C106H, H148A, H148Q and H152A, Hl52Q, E149Q, E149D) hardly displayed any enzyme activity (Fig 4.4) with N-formylated substrate, thus 
emphasizing the importance of these amino acid residues present in the conserved regions, similar to other bacteria.
The diversity in PDF sequences has been noticed among gram-negative and positive bacteria (Baldwin et al., 2002; Guilloteau et al., 2002; Kreusch et al., 2003) .
Analysis of the nucleotide derived amino acid sequence of mPDF with representative members of both type I and type II revealed the presence of insertion (residues 74-85 between conserved motifs I and II of the mPDF protein, which is typical of other gram-positive bacteria) as well as extended C-terminus, atypical to gram-positive bacteria. To evaluate the contribution of this region towards enzymatic activity of the mPDF, deletion mutants (ID and TD) at these regions were generated. The mutant protein however, did not show any enzyme activity ( Fig. 4 .5) thus, highlighting that these regions were mandatory (IR and TR) for the enzymatic activity ofmPDF.
To know whether deletions at the insertion or at the carboxy terminal end affected the enzymatic stability or its activity as such, both the mutant proteins (ID or TD) were mixed either with each other (ID+TDffD+ID) or with the wildtype (WT+ID/WT+TD) at the ratio of 1:4 after denaturation with urea. Following refolding and subsequent purification through Ni-NTA resins, their deformylation abilities were assessed as the function of increasing concentration of total proteins.
Among them, use of 20 Jlg of "co-folded" protein in the combination of TD+ID displayed marginal deformylation ability compared to wildtype, suggesting the complementation of these mutants towards enzymatic activity (Fig. 4.6B) . This was apparent with WT+ID or WT+TD, where higher level of enzymatic activity was noticed compared to the ·corresponding amount of wildtype protein present in the combination (Fig. 4.6C) . In contrast to WT+ID and WT+TD, the C106S mutant (mutation at the metal ion coordinating Cys at motif II of mPDF) when mixed with wildtype (WT:C106S:: 1: 4; named as WT+C106S) showed enzyme activity at the level corresponding to the amount of wildtype protein present in the mixture (Fig.   4.6D) . The obvious explanation of such an observation was the contribution of either ID or TD towards enzymatic stability of mPDF. This was further evident from the altered half-life ofthe deformylase activity with WT+ID or WT+TD compared to the wildtype alone ( Fig. 4.8) . These results suggested that the mPDF was catalytically active as a multimer and it is therefore logical to presume that 'hetero-monomeric" units of wildtype and ID/TD exhibited cooperativity among themselves for rendering enzymatic activity of "co-folded" proteins. Moreover, the loss in enzyme activity in ID or TD mutant was the result of enzymatic instability of the protein.
The activity as well as stability of an enzyme often depends on its intermolecular association status. Whereas dynamic light scattering data suggested that the mPDF was predominantly tetramer, gel exclusion chromatography indicated its dimeric status (Table 4 .1 and Fig 4.9) . Since both the methods rely on the shape and hydrodynamic volume thus do not always coincide. However, these results unequivocally established the multimeric nature of the active protein and mutations at IR or TR did not affect the intermolecular association status of mPDF.
The enzymatic stability, especially in Fe + 2 containing PDFs, is a perplexing issue. The iron was coordinated with histidine and cysteine (H148, H152 and C106S in M tuberculosis enzyme) residues in all PDFs (Meinnel et al., 1997; Rajagopalan and Pei, 1998) . The metal coordinating cysteine S 1 has been shown to undergo covalent modification to cysteine-sulfonic and/or cysteine-sulfinic acid in E. coli, S.
aureus, S. pneumoniae and T. maritima, resulting in severe consequences or even complete loss of enzyme activity (Kreusch et al., 2003) . Thus, despite structural identity near the active site metal, stability of PDFs in different bacteria was very different. These findings led to the postulation that such variation might be due to protein dynamics and/or alteration in sequences beyond the conserved regions, which could affect the rate ofoxidation of iron or amino acid side chains that are metal ion ligands.
Further, the effect of oxidative reagent, like H 2 0 2 on the enzyme activity of WT+ID and WT+TD proteins was determined. While WT+ID showed significant decrease in its deformylase activity due to preincubation with ~0 2 , the wildtype or WT+TD had no effect (Fig. 4.10 ). This result, therefore, strongly argued that sequences, were having a role in protecting Fe + 2 from oxidation in mPDF. Since arginine side chain is known to interact with oxygen (Lass et al., 2002) , they could play a crucial role in preventing oxidation of Fe+ 2 in mycobacterial PDFs.
Furthermore, considering the life style of mycobacteria within the host where it has to cope up with oxidative stress for its survival, such a strategy has possibly been carefully crafted to ensure "the survival of the fittest". However, structure-function analysis of insertion region needs to be carried out further to find out the particular amino acid residue responsible for providing unusual stability and resistance towards oxidizing agents to mPDF.
